RrgB is the major pilin which forms the pneumococcal pilus backbone. We report the high-resolution crystal structure of the full-length form of RrgB containing the IPQTG sorting motif. The RrgB fold is organized into four distinct domains, D1-D4, each of which is stabilized by an isopeptide bond. Crystal packing revealed a head-to-tail organization involving the interaction of the IPQTG motif into the D1 domain of two successive RrgB monomers. This fibrillar assembly, which fits into the electron microscopy density map of the native pilus, probably induces the formation of the D1 isopeptide bond as observed for the first time in the present study, since neither in published structures nor in soluble RrgB produced in Escherichia coli or in Streptococcus pneumoniae is the D1 bond present. Experiments performed in live bacteria confirmed that the intermolecular bond linking the RrgB subunits takes place between the IPQTG motif of one RrgB subunit and the Lys 183 pilin motif residue of an adjacent RrgB subunit. In addition, we present data indicating that the D1 isopeptide bond is involved in RrgB stabilization. In conclusion, the crystal RrgB fibre is a compelling model for deciphering the molecular details required to generate the pneumococcal pilus.
INTRODUCTION
Pili are elongated and flexible appendages associated to the bacterial cell surface and play important roles in host tissue colonization and pathogenesis. Interest in the study of the pilus assembly mechanism of Gram-positive organisms such as Corynebacterium diphtheriae, Streptococcus pyogenes, Streptococcus agalactiae and Streptococcus pneumoniae has been heightened owing to their clear link with bacterial virulence processes and their applicability as potential vaccine antigen candidates [1] [2] [3] [4] [5] [6] [7] [8] . Unlike Gram-negative pili, which are formed through the non-covalent association of protein subunits, Grampositive pili are assembled by covalent peptidic linkages between individual pilin subunits as a consequence of reactions catalysed by the transpeptidase activity of sortases [9, 10] .
The pilus shaft in Gram-positive bacteria is formed by the polymerization of the major pilin on to which minor pilins are associated. Minor pilins have been shown to be involved either in the anchoring of the pilus polymer to the peptidoglycan or in adhesion to the host cell. High-resolution crystal structures of major and minor pilins from a number of different species have revealed a common modular topology composed of the association of two domains, CNA-A and CNA-B, originally described in the adhesin CNA, a collagen-binding protein expressed by Staphylococcus aureus [12] [13] [14] . The crystal structures of the major pilins Spy0128 from S. pyogenes, BcpA from Bacillus cereus and SpaA from C. diphtheriae illustrate a common potential mechanism of pilus polymerization through the formation of intermolecular bonds involving the threonine residue of the C-terminal LPxTG sorting motif from one pilin monomer to an exposed lysine residue in the successive pilin [15] [16] [17] . This latter residue is present in the YPKN so-called 'pilin motif', as observed in the polymerization mechanism of BcpA and SpaA [16, 17] . An alternative strategy has been developed by S. pyogenes: in the absence of the pilin motif, the intermolecular bond between Spy0128 monomers recruits Lys 161 of the EGSKVPI sequence [15] . Pilins contain one or several self-generated covalent internal bonds, formed by the association of lysine and asparagine residue side chains and stabilized by a carboxylic group of an acidic residue of an E-box or D-box motif [18, 19] . The high stability generated by covalent intermolecular bonds linking pilus subunits is reinforced by the presence of such isopeptide bonds, leading to highly stable macromolecular pilus assemblies [15] [16] [17] 20, 21] .
S. pneumoniae is an important human pathogen that causes a large number of respiratory tract infections, such as pneumonia and sinusitis, as well as invasive diseases such as septicaemia and meningitis. Among the surface-exposed virulence factors, the pneumococcal pilus has been shown to play a role in hostcell adhesion [5, 6] . Pilus formation requires the expression of seven genes encoded by the rlrA pathogenicity islet, including a RofA-like transcriptional regulator (rlrA), three sortases (SrtC-1, SrtC-2 and SrtC-3) and three structural proteins, the major pilin RrgB and the accessory pilins RrgA and RrgC [5, 22] . EM (electron microscopy) images of native purified pili showed that RrgB is the major pilin subunit forming the elongated fibre shaft and that RrgA and RrgC are present at the distal and the proximal ends respectively, in accordance with the host-adhesion function of RrgA and the putative cell-wall anchoring role of RrgC [23] .
Beside their respective and specific functions, the structures of RrgA, RrgB and RrgC share common features, since all three pilins are stabilized by internal lysine-asparagine bonds [19, [24] [25] [26] [27] . In the present study, we report the high-resolution crystal structure of the full-length form of RrgB harbouring the IPQTG sorting motif, hereafter noted as FL-RrgB-IPQTG. RrgB molecules are organized in a head-to-tail fashion involving the interaction of the C-terminal IPQTG sorting motif into a cavity of the D1 domain of the successive RrgB monomer. The structure of RrgB is composed of four domains (D1-D4) each crosslinked by intramolecular isopeptide bonds. The role of these structural features was probed by analysing the consequence on pilus synthesis and stability of RrgB mutants inserted into the infectious pneumococcal strain TIGR4. The present study confirms that RrgB subunit polymerization takes place between the IPQTG motif of one RrgB subunit and the Lys 183 pilin motif residue of an adjacent RrgB subunit (as already reported by Gentile et al. [26] ). Mutation of Glu 143 of the D1 domain isopeptide bond reduces the level of pilus expression supporting a role of this newly discovered bond in pilus genesis and/or stability. The FL-RrgB-IPQTG structure, organized in the crystal unit as a fibre, is unique with respect to previously published RrgB data [25] [26] [27] and provides details on the mechanism of pilus assembly. Furthermore, it suggests that the formation of the D1 isopeptide bond, observed in the present study for the first time, is dependent on the RrgB fibre assembly.
EXPERIMENTAL

Cloning and site-directed mutagenesis
The amplification of rrgB gene was performed using the chromosomal DNA of the S. pneumoniae TIGR4 strain. The sequence corresponding to the coding region of RrgB , which lacks the signal peptide, the transmembrane anchor and the C-terminal tail, was amplified and cloned into a pLIM vector using the LIC method (PX Therapeutics). Mutations were introduced by PCR-based site-directed mutagenesis (QuikChange ® II XL SiteDirected Mutagenesis Kit, Agilent Technologies) and verified by DNA sequencing (Cogenics, Beckman Coulter Genomics).
Expression and purification of RrgB
Escherichia coli BL21/DE3 STAR cells were used for protein expression, which was induced in Terrific Broth (BD Biosciences) with 0.5 mM IPTG (isopropyl β-D-thiogalactopyranoside) at 37
• C for 3 h. Cells were harvested by centrifugation and lysed by sonication for 2 min [pulses on 2 s, off 8 s at 4
• C using a Sonicator 3000 (Misonix)] in 50 mM Hepes, pH 7.5, 200 mM NaCl, 20 mM imidazole and a protease inhibitor cocktail (Complete EDTA-free, Roche). The lysate was clarified by centrifugation for 20 min at 39 000 g and applied on a HisTrap TM HP column (GE Healthcare). Protein elution was performed using a linear gradient of 20-500 mM imidazole over 20 column volumes. Eluted proteins were dialysed and further purified by gel filtration chromatography.
Proteolysis assay and N-terminal sequencing
RrgB wild-type and E143A mutant were diluted in 50 mM Hepes, pH 7.5, and 200 mM NaCl buffer. Subsequently, 20 μg of each protein was mixed with 50 ng of trypsin. The reaction was carried out at 22
• C for 2 h. The samples were analysed by SDS/PAGE. The proteins were either stained with a Coomassie Blue solution or transferred to a Problot membrane (Applied Biosystems) and stained according to the supplier's instructions.
The protein bands were cut from the membrane and sequenced using automated Edman degradation on an Applied Biosystems gas-phase sequencer model 477A with on-line analysis of the phenyl thiohydantoin-derivatives.
Crystallization and data collection
Crystals of RrgB were obtained by hanging-drop vapour diffusion by mixing 1 μl of protein (10 mg/ml in 50 mM Tris/HCl, pH 8.0, and 100 mM NaCl) and 1 μl of reservoir [100 mM Tris/HCl, pH 7.5, and 23 % (w/v) poly(ethylene glycol) 8000 or 100 mM Tris/HCl, pH 7.5, and 18 % (w/v) poly(ethylene glycol) 12 000]. Crystals were subsequently cryoprotected in mother liquor containing 20 % (v/v) glycerol. Crystals were flash-cooled under a liquid nitrogen stream. A highly redundant dataset was collected (Table 1) at the ESRF (European Synchrotron Radiation Facility) ID23-EH1 beamline (Grenoble, France).
Structure solution and model refinement
Diffraction images were indexed and scaled with XDS [28] , and merged with the CCP4 program suite [29] . Partial and perfect merohedral twinning tests were performed using the Yeates server (http://nihserver.mbi.ucla.edu/Twinning/) [30] . Initial phases were obtained by molecular replacement with PHASER [31] , using as a search model the partial structure of RrgB, residues 186-627, PDB code 2X9W [25] . The final, fulllength RrgB structure was rebuilt to remove bias from the model by employing ARP/wARP 7.1.1 [32] and Lafire 3.02 [33] . The full RrgB structure was completed by cycles of manual model building with COOT 0.5.2 [34] . In addition, water molecules were added to the residual electron density map using ARP/wARP 7.1.1. Cycles of restrained refinement employing NCS, TLS and amplitude-based twin refinement were performed with REFMAC 5.5 [35] as implemented in the CCP4 program suite (Table 1) . Stereochemical verification was performed by PROCHECK [36] and secondary structure assignment by DSSP [37] . Figures were generated using PyMOL (http://www.pymol.org).
EM density map fitting
The rigid body fitting of FL-RrgB crystallographic co-ordinates (PDB code 3RPK) [27] and FL-RrgB-IPQTG (PDB code 2Y1V, the present study) into the pilus EM density map was performed using CHIMERA [38] as detailed previously [25, 26] .
Construction of TIGR4 RrgB mutant strains
TIGR4 (or T4) pneumococcal strains mutated in the rrgB gene were generated using the Janus cassette [39] . The strains constructed are described in Table 2 . The gene rpsL1 was inserted in the locus rpsL conferring resistance to streptomycin (StrR). The T4∇(rpsL1) strain displays the same phenotype as the wildtype T4 strain. The kanamycin-resistance Janus cassette was amplified using primers containing upstream and downstream sequences homologous with regions flanking rrgB. The PCR product was transformed into the TIGR4 strain as previously described [40] and then plated on to Columbia blood agar plates containing kanamycin (250 μg/ml) in order to select for T4∇(rpsL1) (rrgB) strains. The wild-type rrgB gene or genes harbouring the E143A, K162A and K183A point mutations were introduced in replacement of the kan-rpsL Janus cassette, leading to the suppression of the kanamycin resistance phenotype. The sequence of each mutant was verified by sequencing. 
Generation of a TIGR4 strain overexpressing a monomeric RrgB in the culture supernatant TIGR4 (PI-1)/pMU1328 FL-rrgB-Spn was created by generating a TIGR4 (PI-1) isogenic mutant, which was then transformed with a pMU1328 plasmid containing the rrgB gene deprived of the region coding for the LPXTG cell sorting signal. Briefly, the TIGR4 (PI-1) isogenic mutant was generated as reported previously [26] by using the oligonucleotides listed in Table 3 . The FL-RrgB-Spn-expressing plasmid [41] was then obtained by inserting the spr0096 promoter region (intspr0095-spr0096) and the rrgB gene fragment within the pMU1328 vector, by using the primers and restriction enzymes reported in Table 3 . Finally, pMU1328 FL-rrgB-Spn was transformed into TIGR4 (PI-1) and the transformants were selected on agarose plates supplemented with antibiotics (1μg/ml erythromycin with 500 μg/ml kanamycin).
Expression and purification of FL-RrgB-Spn
TIGR4 PI-1/pMU1328 FL-rrgB-Spn strain was grown in Todd-Hewitt broth [0.5 % yeast extract supplemented with erythromycin (1 μg/ml) and kanamycin (500 μg/ml)]. Following bacterial harvesting by centrifugation (20 min at 3250 g), the supernatants were filtered (0.2 μm filter pore size), dialysed overnight against a 100 mM sodium phosphate buffer (pH 6.3) and then supplemented with sodium chloride and imidazole (100 mM and 20 mM final concentrations respectively). The FL-RrgB-Spn protein was then purified by metal chelate affinity chromatography on HP Sepharose columns (GE Healthcare), eluting with a 100 mM sodium phosphate buffer (pH 6.3) supplemented with 100 mM sodium chloride and 500 mM imidazole. Protein purity was determined by SDS/PAGE. Fractions containing the purified protein were stored at − 80 • C until further use.
Western blotting
Wild-type and mutant TIGR4 strains were grown in Todd-Hewitt broth (BD Biosciences) supplemented with 0.5 % yeast extract (Sigma-Aldrich) at 37
• C with 5 % CO 2 , until a D 600 of 0.45 was reached. Cultures were centrifuged (20 min at 3250 g) and the bacterial pellet, after being washed with PBS, was treated with 200 units/ml of mutanolysin (Sigma), 1 mg/ml lysozyme (Sigma) and a protease inhibitor cocktail (Complete, Roche) for 3 h at 37
• C. Cellular debris were removed by centrifugation at 39 000 g for 15 min. Each sample (20 μl) was mixed with XT Sample Buffer and XT Reducing Agent (Bio-Rad), boiled at 100
• C for 10 min and loaded on to 4 %-12 % Criterion XT Precast gels (Bio-Rad). Gels were run for approximately 3 h and Table 3 Primers used for the construction of FL-RrgB-Spn
The plasmid used was pMU1328 FL-rrgB-Spn. Underlined sequences correspond to the restriction recognition sites. The bold underlined sequence encodes the 6×His tag protein fragment. Sequences in italics represent the complementary bases allowing the fusion PCR reaction.
Section
Amplification primers (5 -3 )
Promoter region Forward GTGCGTGGATCCGATGATATCAAAGACAGATTGAAA Reverse ATTCGAAAATTCTCCTTCTTTCTA Gene Forward TAGAAAGAAGGAGAATTTTCGAAT ATGAAATCAATCAACAAATTTTTA Reverse CAGCGTGTCGACTTAATGGTGATGGTGATGGTGAGTGATTTTTTTGTTGACTACTTT subsequently electrotransferred in Trans-Blot Transfer Medium (Bio-Rad). Incubations of 1 h were successively performed using anti-RrgB polyclonal mouse antibodies (diluted 1:5000) and anti-mouse horseradish peroxidase conjugate antibodies (Sigma; diluted 1:120 000) before detection with a chemiluminescent substrate (Pierce).
Accession number
The structural co-ordinates of full-length RrgB reported will appear in the PDB under accession code 2Y1V.
RESULTS AND DISCUSSION
The major pilin RrgB is composed of four structural domains
The FL-RrgB-IPQTG construct used for crystallization lacks the regions corresponding to the signal peptide and the sequence downstream from the IPQTG sorting motif ( Figure 1A ). The crystal structure of FL-RrgB-IPQTG (residues 30-633) was solved at 2.39 Å (1 Å = 0.1 nm) resolution by employing a partial model of RrgB [25] as a search model in a molecular replacement experiment. Data collection, phasing and refinement statistics are included in Table 1 . FL-RrgB-IPQTG displays a modular structure comprising four domains: D1, D2 and D4 form 'beads on a string', whereas D3 is laterally arranged relatively to D2 ( Figure 1B ). The arrangement of domains D2-D4 has previously been visualized in the structure of an RrgB fragment which lacked D1 [25] . The cores of all four domains display β-barrel folds, with additional β-strands and one or two helices decorating one side of the β-barrel in the D1 and D4 domains ( Figure 1B) . Interestingly, once the D3 β-sandwich is formed, its C-terminal region participates in completion of the D2 β-barrel through the contribution of a loop region and a short β-sheet. The D1, D3 and D4 domains of RrgB correspond to the prototype CNA-B fold, whereas the D2 domain emulates the CNA-Alike region from the CNA collagen-binding protein [12, 13] . The closest structural homologues of such folds are the CNA-A or CNA-B-type domains of BcpA and SpaA, the major pilins of B. cereus and C. diphtheriae respectively, as well as GBS52 and RrgA, minor pilins of streptococcal species [16, 17, 24, 42] . Details of structural comparisons are given in Supplementary Tables S1  and S2 (at http://www.BiochemJ.org/bj/441/bj4410833add.htm).
In addition to the FL-RrgB-IPQTG structure solved in the present study, two other RrgB structures have been solved deleted from the IPQTG sorting motif: a truncated variant lacking the D1 domain [25] and a full-length form [27] . Comparisons of these structures with FL-RrgB-IPQTG are presented ( Figures 1C and 1D ). Spatial organization, as well as secondary elements of D2, D3 and D4 domains, are common to all three RrgB structures ( Figures 1C and  1D ). It is of note that the D1 domains in both full-length RrgB proteins are positioned further apart with respect to D2, and their orientation is rotated by approximately 180
• with respect to each other ( Figure 1C ). It was indeed described that the D1 domain in the FL-RrgB structure presents some flexibility owing to the low amount of contacts this domain makes with the D2 domain [27] . On the contrary, the D1 domain of the FL-RrgB-IPQTG is trapped in the RrgB-RrgB complex, which probably constrains the D1 positioning and decreases flexibility. The asymmetric unit of the crystals contains three RrgB molecules that generate columns of monomers that align with the z axis ( Figure 2A ). Molecules stack head-to-tail and a rotation angle of approximately 120
• is observed between two successive RrgB monomers (Figure 2A) . The head-to-tail organization is due to the packing of the I 628 PQTG 632 sorting recognition motif located at the C-terminus of the D4 domain of one RrgB molecule into a cavity of the D1 domain of the successive RrgB monomer (Figure 2 Figure 2B ). Sortase enzymatic activity cleaves the Thr 631 -Gly 632 bond, after which peptidic bond formation between the new C-terminus and a juxtaposed lysine residue covalently links adjacent RrgB subunits. As observed in the crystal structure accounting for an RrgB-fibre-like complex, the most favourable candidates for this intermolecular link are either Lys 162 or Lys 183 , which are present within the D1 cavity ( Figure 2B and see Supplementary Figure S1 at http://www.BiochemJ.org/bj/441/bj4410833add.htm). Lys 162 is part of the EGSKVPI sequence and Lys 183 is part of the YPKN pilin motif, both of which are potentially involved in RrgB intermolecular bonds, as described previously in BcpA, SpaA and Spy0128 [15] [16] [17] .
To validate the relevance of these structural observations in the native pilus, we constructed a series of S. pneumoniae TIGR4 strain variants in which RrgB expression is suppressed by gene deletion and complemented by insertion of wild-type or mutated forms (K162A and K183A) of RrgB. The effects of these mutations on RrgB polymerization were analysed by Western blotting on cell wall extracts (Figure 3) . The wild-type pattern corresponds to a ladder of high-molecular-mass bands, which reflects the covalent nature of the association between RrgB subunits and the size distribution of RrgB polymers (Figure 3 Gentile et al. [26] . This result indicates that Lys 183 , which is located within the pilin motif in the D1 domain, is involved in forming a covalent bond with the IPQTG motif of a neighbouring RrgB, leading to RrgB polymerization. These findings strongly suggest that the fibrillar packing of FL-RrgB-IPQTG monomers observed in the crystal lattice is representative of the transpeptidation reaction involved in the RrgB pilus formation. It is of note that the FL-RrgB-IPQTG structure reported in the present study is the first description of a complete soluble major pilin, since structures of Spy0128, BcpA, SpaA and RrgB lack their respective LPXTG motifs [15] [16] [17] 25, 27] .
In order to understand better the disposition of the single RrgB monomers into the pilus scaffold, the two FL-RrgB X-ray co-ordinates (FL-RrgB and FL-RrgB-IPQTG) were fitted in the EM density map obtained from purified preparations of pilus by a single particle reconstruction method [25] . As shown in Figure 4 (A), the rigid body fitting of both structures resulted in the exposure outside the density of the same residues (Asn 87 -Ala 117 ), corresponding to a loop region. Interestingly, this loop results in twisting by 180
• of the two fittings due to the 180 • flip of the D1 domain in the two FL-RrgB structures ( Figure 4B ). In addition, this loop, which by definition is a very flexible and mobile region, is exposed outside the EM density due to the orientation of D1 with respect to D2, which, in turn, is probably depending on the high rotational flexibility of the short loop (Tyr 181 -Pro 189 ) connecting D1 to D2, as already reported by Gentile et al. [26] , in the NMR solution structure of the single D1 domain. Notably, the leftover volume after the fitting of the FL-RrgB-IPQTG structure in the EM density map could be fitted by the same residues (Asn 87 -Ala 117 ) if differently folded. Finally, the RrgB-fibre molecules, as organized into the FL-RrgB-IPQTG crystal packing, can be fitted into the EM density map of the native pneumoccoccus pilus ( Figure 4C ).
The FL-RrgB-IPQTG structure includes four isopeptide bonds
The resistance and stability of Gram-positive pili has been shown to require the formation of isopeptide amide bonds within the pilin monomers themselves [19, 20, 43] . These bonds are the product of an intramolecular reaction between the side chains of lysine and asparagine residues, the resulting link being stabilized by a hydrogen bond with an acidic residue in the immediate vicinity. The structure of the FL-RrgB-IPQTG reveals the presence of four intramolecular isopeptide bonds, one in each of the D1, D2, D3 and D4 domains ( Figure 1A) . The bond within D1 is formed between the side chains of Lys 41 and Asn 184 , and is stabilized by the side chain of Glu 143 , which is part of an E-box motif. Although the intramolecular isopeptide bonds in D2, D3 and D4 were present in the already solved RrgB crystal Mutanolysin extracts from TIGR4 strains were loaded on to 4 %-12 % Criterion XT Precast gels (Bio-Rad) and Western blot analysis was performed using polyclonal rabbit antisera against RrgB. Lane 1, T4∇(rpsL1); lane 2, T4∇(rpsL1) (rrgB)∇(kan-rpsL); lane 3, T4∇(rpsL1) (rrgB) ∇(rrgB E143A ); lane 4, T4∇(rpsL1) (rrgB)∇(rrgB K162A ); lane 5, T4∇(rpsL1) (rrgB)∇(rrgB K183A ); and lane 6, T4∇(rpsL1) (rrgB)∇(rrgB). The RrgB monomer is indicated by the arrow.
structures including these domains [25, 27] , the presence of a D1 isopeptide bond in the crystal structure of FL-RrgB-IPQTG was unexpected. In fact, this bond is absent in the FLRrgB-IPQTG protein in solution [19] , in the NMR solution structure of the isolated D1 domain [26] , and also in the D1 domain included in the crystal structure of the FL-RrgB [27] . Uniquely in the FL-RrgB-IPQTG structure, the D1 domain structure shows the presence of two secondary elements, to form the isopeptide bond. In order to appreciate the structural modifications induced by the sorting sequence docked into the D1 domain, the corresponding view of the FL-RrgB structure is shown, in which the D1 isopeptide bond is not formed ( Figure 5B ) [27] . The most striking features are the modifications of the β structures, the rotation by approximately 90
• left of the Lys 162 position and the observation that Asn 184 is no longer held by a β-strand, which alters its orientation and impairs its contact with Lys 41 . This suggests that the β-strand structure is influenced by the interaction of the RrgB subunits provided by the fibrillar crystal packing and/or the D1 isopeptide bond formation. In both NMR and crystallographic structures of FL-RrgB, Asn 184 is distant from the Lys 41 side chain, whereas in the FL-RrgB-IPQTG structure, both residues are joined to form a covalent bond (Supplementary Figure S2) . It is of interest that the position of Glu 143 is common to all three structures, independently of the lysine-asparagine bond formation (Supplementary Figure S2) . Since all of the RrgB constructs were produced in E. coli expression systems, we wondered if the production of FL-RrgB in a monomeric secreted form in pneumococcal cells (FL-RrgB-Spn) would allow efficient conditions for the formation of the D1 isopeptide bond. For this purpose, FL-RrgB-Spn was overexpressed and purified from pneumococcal growth supernatants, and its molecular mass was determined by ESI-MS (electrospray ionization MS). The molecular mass was 65216.82 Da, corresponding to the presence of three isopeptide bonds (calculated mass of 65215.74 Da). Taken together, the results from the present study indicate that lack of the D1 isopeptide bond in the monomeric soluble RrgB protein and in the crystals obtained so far is not related to the expression context, and suggest that the D1 isopeptide bond formation relies mainly on the RrgB molecules association in a fibrelike arrangement, even though not necessarily covalently linked. However, the presence of the D1 isopeptide bond in the native pneumococcal pilus remains to be verified. Related observations have been reported in the B. cereus major pilin BcpA: the mature polymerized protein forming the pilus fibre shaft was shown to contain an intramolecular bond in the CNA1 domain (Lys 37 -Asn 163 ), which was absent in the soluble recombinant protein [16] . 
Figure 6 Proteolysis stability of RrgB
Trypsin digestion products were separated by SDS/PAGE (12.5 % gels). Molecular mass markers are shown on the left-hand side of the gel in kDa. Trypsin addition and incubation times are noted above the gel. [44] . This suggests that the structural environment of the triad 'lysine-asparagineacidic residue' influences the formation of the isopeptide bond, which, in addition, can be formed following folding of its parent protein. 
Role of the D1 isopeptide bond in RrgB stabilization
The presence of isopeptide bonds within D2, D3 and D4 domains was shown to be important for protein stabilization as measured by analysing the proteolytic susceptibility and the thermal stability of RrgB variants [19] . Disruption of the D2 isopeptide bond induced the most important tryptic degradation when compared with D3 and D4 bonds [19] . D2, D3 and D4 isopeptide bonds contributed equally and significantly to the RrgB thermal stability. Although the native RrgB did not show any thermal denaturation, the T m values of D241A, E405A and E577A were 58.5
• C, 58.9
• C and 48.6
• C respectively [19] . The triple RrgB mutant that does not contain any intramolecular bonds has a deeply decreased thermal stability reflected by the low T m value of 43.1
• C [19] . The observation of an additional bond in the D1 domain, as revealed in the crystal structure described in the present study, led us to investigate its potential role in RrgB stabilization. The residues Lys 41 , Glu 143 and Asn 184 , which are directly involved in the D1 isopeptide bond formation, were individually mutated into an alanine residue in the FL-RrgB-IPQTG construct. The typical signature of the formation of the isopeptide bond, the loss of 17 Da, was not detected by ESI-MS [19] , confirming that the D1 isopeptide bond is not formed in RrgB in solution in either the wild-type or mutated proteins ( Table 4 ). The RrgB E143A mutant is more susceptible to trypsin proteolysis than wild-type RrgB ( Figure 6 ). Although trypsin treatment of both RrgB forms yielded a fragment with an apparent molecular mass of approximately 35 kDa, proteolysis of RrgB-E143A was almost complete after 120 min, when approximately 50 % of wild-type RrgB appeared unaffected ( Figure 6 ). ESI-MS and N-terminal sequencing analyses revealed that the fragment corresponds to a molecular mass of 48638.64 Da and the Nterminal sequence N 184 TEAKPK (Table 5 ). The molecular mass discrepancy determined by ESI-MS and SDS/PAGE probably originates from the highly compact fold of RrgB induced by the three isopeptide bonds [19] . Trypsin cleavage occurs at Lys 183 , the conserved residue of the pilin motif, adjacent to Asn 184 , which participates in isopeptide bond formation. The E143A mutation, introduced in the native RrgB protein expressed in the TIGR4 strain, lowers the amounts of monomeric and polymeric RrgB (Figure 3, lanes 1 and 6) . This latter observation suggests that the absence of the D1 isopeptide bond in the native pilus induces a substantial destabilization of the RrgB molecule, which leads to a less compact RrgB form more susceptible to in vivo degradation, thus impairing efficient RrgB polymerization. [3] . (C) Superposition of FL-RrgB (green) [2] with isolated D1 (salmon) [2] . The position of the Glu 143 residue is similar in all three structures. The side chains of Lys 41 and Asn 183 are linked in FL-RrgB-IPQTG, which is not the case for the other two structures [2, 3] . 
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